Viscoelastic properties of set and stirred yogurts made from raw (control), high pressure (300 and 400 MPa, 20 min, 4 • C), and heat treated (80 • C, 30 min) milks were investigated using a using a computer controlled rotational viscometer under oscillatory testing program, including three operating modes: a strain sweep, frequency sweep, and an isothermal time sweep. Linear, exponential, power-law, and Weltmann models were used to assess and describe the strain, frequency, and time dependent viscoelastic properties of yogurts. Their significance was analyzed using Duncan's multiple range tests. The results indicated that the set yogurts had larger moduli (storage moduli G' and loss moduli G") and lower phase shift (tan δ) than stirred yogurts. High pressure treatment increased storage moduli G' of both stirred and set yogurts significantly (p < 0.05). The influence on loss modulus was relatively lower. Unlike yogurts made from heat treated and raw milks, the ones made from pressure treated milks resulted in significantly different gel, frequency, and strain dependent properties for both types of yogurts. However, time dependent properties were not affected by pressure treatment.
INTRODUCTION
Increasing popularity has been reported in North America for low-fat milks and low-fat yogurt-based products due to growing concerns over nutrition and personal health. [1] Yogurt is mainly available in two forms: set-type and stirred type. The characteristic gel structure of the set-type of yogurts is allowed to form in containers during the fermentation/incubation phase, while in the stirred-type, the gel structure which is formed during bulk incubation is normally destroyed by agitation during cooling to give the product a smooth and semi-viscous flow behavior. [2] Generally, acidic milk gels are known to be viscoelastic materials. Many rheological studies have evaluated the textural dynamics properties of both set-type yogurts [3, 4] and stirred yogurts. [5−8] The majority of studies on yogurt rheology were focused on empirically measured gel firmness and viscosity determination of stirred and set products and additionally, on affecting chemical composition such as fats, proteins, carbohydrates (lactose) content, and dry matter fortification. [9−14] Effects of different starter cultures on viscosity and microstructure of yogurt have also been described by several researchers. [15−18] The high pressure (HP) treatment has well-known potential advantages over conventional heating systems. [19] High-pressure treatment offers the dairy industry a new technique for food preservation. The conventional heat treatment is known to affect the quality of some yogurts as a result of destruction of thermo-labile indigenous microflora and heat sensitive native milk enzymes like lipase. [20] It is generally accepted that vegetative microorganisms can be destroyed by high pressure and there has been some information available about inactivation kinetics of microorganisms in a complex system like milk or milk products. [21] There is some data available about textural changes in the product due to high-pressure treatment. [22−25] High-pressure homogenization has been evaluated by several researchers either alone or in combination with thermal treatment. These studies suggest that HP homogenization in combination with thermal treatment can be used to improve the rheological properties and stability of yogurt, thus decreasing the need for additives. The rheological properties have been found to be influenced by the processing treatment, presence of additives like whey proteins, and pH. Thermal and HP treatment have not been found have additive effects; thermal treatment has been recognized to be more efficient in producing casein/protein interactions that were suitable for the formation of gels on acidification. It has also been found that the pressure-treated milk and yogurt has a much higher storage modulus, but yielded more readily to large deformation than the heated milk yogurt. [11, 26] But there are fewer published studies available in literature on the effect of high pressure on the dynamic properties of set and stirred yogurts. [18, 26] Static-pressure treatment is much milder as compared to the HP homogenization because of high shear and high temperature rise associated with the latter.
The objective of this research was further to evaluate the viscoelastic properties of both set and stirred yogurts made from the milks subjected to high pressure and conventional heating treatments, respectively; to develop the mathematical models of main viscoelastic properties such as storage module (G'), loss module (G") and phase shift (tan δ) related to frequency (ω), strain (γ ), and time (t), and to test the significant degree of difference between the model parameters under different treatment methods using Duncan's multiple range tests. [27] MATERIALS AND METHODS Raw milk yogurt was made was from the milk obtained from the campus dairy farm (Faculty of Agricultural and Environmental Science, McGill University, QC, Canada). The Carnation brand (Nestle, 1185 Eglinton E., Don Mills, ON, Canada) skimmed milk power was obtained from a local super market. The mixed strain of freeze dried yogurt culture (Streptococcus thermophilus and Lactobacillus bulgaricus) was obtained from LYO-SAN Inc., Lachute, QC, Canada.
High Pressure Equipment
The equipment used for pressure treatment was an iso-static press (Model CIP 42260, ABB Autoclave System, Columbus, OH, USA) with a 4 L capacity chamber for holding the HP fluid and samples. The equipment has a cylindrical pressure chamber, 10 cm diameter and 56 cm high, and rated for operation up to a maximum pressure of 414 MPa. The high pressure medium was 2% mineral oil. The test product packaged in a flexible material was placed in the chamber, the stainless steel lid was lowered and secured by lid lock for further protection. A high-pressure pump was used to push the medium inside vessel to build-up the required level of pressure. Pressure release and sacrificial valves were used for discharging the pressure. To check the temperature of vessel and product, thermocouples were used and attached to a data logger and computer system. An external water circulation system was used to circulate the water around the HP chamber to maintain the chamber temperature at 4 • C during the HP processing. The pressure come up time was 2 min for 300 MPa and 3 min for 400 MPa operating condition and the depressurization time was 15 s. The slow pressurization rate and rapid circulation of the cooling medium limited the temperature raise in the sample by no more than 5 • C during the first five minutes.
Sample Preparation

Pre-treatment of raw milk
Raw milk was divided into four lots that were processed separately by four pre-treatments: Raw milk (untreated), HP 1 (400 MPa, 20 min), HP 2 (300 MPa, 20 min), and conventional heat (80 • C, 30 min). All four types of milk samples were standardized to the same level of total milk solids using skim milk powder. Milk base mix was prepared having total milk solid 12% (fat 2% and nonfat milk solid 10%).The milk samples to be treated by high pressure were filled into 400 mL Dual Peel Sterilization Pouches purchased from Nasco (Nasco Plastics, 454 Bleams Road West, New Hamburg, ON, Canada). The pouches were sealed by using hand heat sealer.
Preparation of yogurt culture
Skim milk powder was dissolved in distilled water to get 10% milk solids and sterilized in an autoclave to destroy all the microbial species. The culture base mix was cooled to 42 • C and inoculated with freeze dried yogurt culture and transferred into an incubator at 40 • C for 4-5 h (until pH 4.6 was achieved). For making the yogurt, two tablespoons of yogurt culture was mixed with the base milk (approximately 2% by concentration).
Stirred yogurt fermentation
Part of the base milk was aseptically transferred into 1000 mL glass beakers, inoculated with the culture, sealed with aluminum covers, and incubated in a shaker waterbath (Thermo Electron Corporation, HAAKE C10, MA, USA) under medium agitation conditions, at 40 • C, as proposed by starter manufacturer. Fermentation was stopped at a pH of 4.60 by rapidly cooling to 6 • C and then samples were refrigerated at 4 • C for subsequent analysis. The experiments were conducted in duplicate for each treatment.
Set yogurt fermentation
After disinfecting the Haake RV20 (Thermo Fisher Scientific Inc., MA, USA) rotation viscometer device with 80% ethanol, the outer cylinder (d = 32 mm) was inserted into the viscometer system and filled with approximately 50 mL of inoculated milk. The inner cylinder (d = 30 mm, h = 50 mm) was attached to the torque transducer and slowly lowered until the whole surface area of the bob was covered with milk. A small amount of sterile edible oil was added in order to avoid evaporation during incubation. The system was thermostatically controlled with a Haake F2 water bath/circulator.
Dynamic Rheological Methods
All measurements were made on a Haake RV20 rotation viscometer in sinusoidal oscillatory mode M5-osc with a frequency range from 0.05 to 5 Hz (0.314 to 31.4 rad/s) and a strain or deformation range from 2 to 10 • . The measuring temperature was maintained at a constant 4 • C by a recirculation water bath. Strain sweeps were conducted at a constant frequency of 3.14 rad/s, and strain amplitude ranged from 0.45 to 6. Frequency sweeps were conducted at a constant strain γ = 0.45 and frequency of oscillation ranged from 0.314∼31.4 rad/s. Isothermal time sweeps were conducted at constant ω = 3.14 rad/s, strain γ = 0.45. Each experiment was replicated two times. moduli (G' and G") of set yogurts are much greater than those of stirred yogurts, especially more evident for G', while the tan δ of set yogurts was less than that of stirred yogurts. It indicated that set yogurt had more elastic properties than stirred yogurt.
RESULTS AND DISCUSSION
Strain Dependency
From Fig. 1 , it can be easily recognized that there are three distinct regions:
1. A constant region where G' and G" were constant. This region was relatively small but evident. This shows the linear viscoelastic behavior range and indicates that of stirred yogurt in which G' is greater than G", it meant the yogurt has a predominantly elastic structure. Compared to the results reported in literature, [9, 15] the linear viscoelastic region observed in this study is much narrower; this is due to the different strain range. 2. A linear decrease region where G' and G" decreased with strain. The decrease rate of G was larger than that of G , indicating a cross over point between G' and G" curves, and the tan δ increased with strain. This is not evident from the separate plots of G' and G", but indicated by the tan δ value exceeding 1.0. This indicated that the full elastic structure of the material had broken down and the material has undergone transition from a predominantly elastic to a viscous structure. 3. The third region where G" is greater than G' and tan δ is larger than one which meant that the yogurt behaved as a predominantly viscous fluid.
But from Fig. 2 for set yogurt, it can be recognized that there are only two distinct regions: (1) the small constant region and (2) the linear decrease region. In the investigated strain range, there were no cross over points although the decrease rate of G' was still larger than that of G" (meaning at some larger strain rates, there would be cross over, once the tissue structure is broken down). This indicates that the set yogurts have predominantly elastic properties in the investigated strain range.
From Figs. 1 and 2 , it can be found that both set and stirred yogurts made from different processing methods had the different size and change regularity of strain dependent properties. In order to determine the significance of effects of ultrahigh pressure and conventional heating on both set and stirred yogurt gels, the dependent strain linear regression models of G', G" at decreasing region and tan δ at increasing region were developed and then the difference between models' coefficients were tested by using Duncan's multiple range tests. The results of regression analysis and Duncan's multiple range tests are summarized in Table 1 .
The R 2 value of all regression equations (Table 1) were greater than 0.9, meaning that linear model and exponential model can well fit strain dependent relationships of G', G" and tan δ, respectively. From b 0 results of Duncan's multiple range tests in Table 1 , it was found that both set and stirred yogurts had the same trends. For G': the differences between all pairs were significant (p < 0.05); for G": the difference was relatively smaller, there was significant difference only between HP400/heat and HP400/control. This showed that HP treatments can improve yogurt's gel development significantly, especially elastic behavior, and the higher the pressure the greater increase can be observed.
From the b 1 results of Table 1 , it can be easily found that there were no significant differences (p > 0.05) between all the pairs of means except HP/control and HP/heat of both stirred yogurts G", meaning that the treatment methods of milks did not affect the moduli-or the strain dependent properties of both set and stirred yogurt. For tan δ, the same trends of effects on the parameters A and B were found. There was significant difference (p < 0.05) between HP, heat and HP, control, but TABLE 1 Regression coefficients and Duncan's multiple range tests of strain dependent for G , G , and tanδ in set and stirred yogurts subjected to different treatments no significant difference (p > 0.05) was observed between HP400 and HP300. It implied that HP treatment of milk affected not only the size of phase shift, but also its strain dependent properties. Figure 3 shows the plots of G', G", and tan δ as a function of oscillation frequency at strain = 2 0 (i.e., in the linear region) for stirred yogurts; for set yogurts, similar plots were observed. The figure shows the typical gel behavior; G' dominated G", and the gel moduli increased non-linearly with increasing frequency over the investigated range; the tan δ decreased non-linearly with frequency. The power model (1) was chosen to fit frequency dependent region of G' and G", and the Weltmann model (2) to fit the relationships between tan δ and frequency (ω), respectively. The results of regression analysis and Duncan's multiple range tests of model parameters are summarized in Table 2 .
Frequency Dependency
Where ω m is the initial angular rate and it is equal to 0.314 rad/s. All R 2 of regression equations ( Table 2 ) were greater than 0.92, indicating that the power model can well fit the relationships of G' and G" related to frequency and the logarithmic frequency mode can well describe the phase shift tan δ decay behavior of frequency.
According to the results of Duncan's range tests, it was found that for G' and G" of both set and stirred yogurts, there were significant differences (p < 0.05) between all pairs of m and n mean values except heat and control, implying that HP treatments of milks had significant effects on G moduli of both set and stirred yogurts, and had the significant interactions with frequency, and moreover addition of pressure indicated enhancement of the effects. There were slightly different results with phase shift, tan δ. The differences between all A means were significant (p < 0.05) except heat and control; for coefficients B, but there were no differences (p > 0.05) between HP400 and HP300 and heat and control, the differences between other pairs of B means were still significant (p < 0.05). It implied that HP treatments of milks had same effects on tan δ of both set and stirred yogurts except that the addition of pressure didn't change the decreasing rate of tan δ.
Time Dependency
An isothermal time sweep, where frequency and amplitude are constant, can indicate structural changes in thixotropic samples. Numbers of authors have characterized the time-dependent viscosity of yogurt products. The objective of this work was to develop the time dependent models using the related time dependent models and comparing the effects of high pressure and heat treatments on the model parameters.
The average viscoelastic properties for stirred yogurts as a function of time for three methods are shown in Fig. 4 . The data clearly showed the time dependent viscoelastic behavior of both stirred and set yogurts. These results were in agreement with those in the reported papers. In order to compare the effects of different treatments of milks on time dependent properties, the Weltmann model was chosen for regression analysis of the data and the Duncan's multiple range test was used to compare the differences between model's parameters (A and B). For set type yogurts, graphs similar to the ones for stirred yogurts (Fig. 4) were observed and the combined results are summarized in Table 3 . The correlation coefficients of regression equations (Table 3) were larger than 0.95, it indicated that the Weltmann model can well describe the viscoelastic properties of both stirred and set yogurts. From the results of Duncan's multiple range tests, the following inferences were drawn: (1) for storage moduli G', of both stirred and set yogurts, the treatment methods of milks had significant differences (p < 0.05) between all the pairs of A means, except control and heat, but no differences (p > 0.05) were observed between all the pairs of mean B values. It meant that HP treatment of milk increased G' values significantly, but did not affect time dependent properties; (2) for G", there were almost same superscript letters for both A means and B means. It showed that there were almost same time dependent properties for G" of both set and stirred yogurts, (3) for tan δ, trends similar to G' were found. There were significant differences (p < 0.05) between all pairs of A except heat and control and no differences between B means were found, indicating that HP treatment didn't affect the time dependency properties of both set and stirred yogurts.
CONCLUSIONS
The linear and the exponent models well describe the strain dependency of G' and G", and tan δ for both stirred and set yogurts, respectively. The power model and Weltmann model can well fit the frequency dependency of G' and G" and phase shift tan δ; the isothermal time dependency of G', G", and tan δ can be fitted by the Weltmann model. The high pressure pre-treatments significantly affected the gel properties of both stirred and set yogurts, especially more evident to storage moduli and it was concluded that, the higher the pressure the larger is the increase in moduli values. High pressure treatment affected the frequency dependent properties and phase shift-strain dependent properties of both set and stirred yogurts significantly, but did not affect time dependent properties. There are no significant differences between dynamic properties of yogurts from raw and heat treated milk.
